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SUMMARY 


The effects of suction throiigh a porous leading-edge surface have 
been investigated in the Langley 19-foot pressure tunnel on a wing having 
37 ° sweepback of the leading edge, sin aspect ratio of 6 , taper ratio 
of 0.5, and NACA 6Lj^-212 airfoil sections normal to the 27 -percent-chord 
line , The effects of varying the chordwise and spanwise extent of porous 
area were investigated on the wing without trailing-edge flaps and the 
effects of one chordwise and spanwise extent of porous area were inves- 
tigated on the wing with half -span split and double slotted flaps. The 
tests covered a range of Reynolds number from 2.50 x 10 ^ to 8.10 x 10^ 
and a range of Mach number from 0.08 to 0.26. 

The results indicate that at Mach nvimbers of the order of 0.12 the 
outboard stall of the wing can be delayed and nose-down moments at maxi- 
mum lift can be produced about as effectively by boundary-layer control 
as by a leading-edge flap or slat. Suction over the outer 50 percent of 
the semispan controlled the tip stall and allowed maximum lift coeffi- 
cients of 1.33, 1.^9, and I .90 to be attained with trailing-edge flaps 
neutral, half -span split flap deflected, and half -span double slotted 
flap deflected, respectively. When a leading-edge flap was deflected on 
the same portion of the solid-leading-edge wing, corresponding values of 
1 . 39 , 1.46, and 1.87 were attained. 

At a free-stream Mach number of 0.26, the wing with leading edge 
sealed stalled when sonic velocity was reached locally. The limited 
suction available, at that Mach nmber, delayed the tip stall vmtil a 
local Mach number of 1.20 was reached but did not provide nose-down 
moments . 
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INTRODUCTION 

Considerable research in recent years has been carried on for the 
purpose of improving the low-speed longitudinal stability ° 
wiSs . Most of this work has been concerned with delaying the tip 
S^eans of auxiliary devices such as leadl^-ed«e flaps, sljts or ^cp 
nose. (See, for instance, refs. 1 to 3-) More recently, attention ^s 
been directed toward the possibility that stability at the sta g 
be obtained just as effectively by means of boundary-layer control. 

Some data are available which demonstrate that longitudinal stability 
at the stall can be improved on sweptback wings by means ^ 

through leading-edge slots or porous area (refs. 4 to 6) . An appraisa 
of lading-edge suction as a stall-control device on sweptback 
hLever, Ln be made only if its effects can be directly comp^ed with 
Se effects of auxiliary devices on the same wing. In 
comparison and also to provide additional data shying the effects of 
leaMng-edge suction on sweptback wings, an investigation was made in 
ihe 19-foot pressure tunnel on a 37° sweptback wing of aspect 

ratio 6 with suction through a porous leading edge. The effects of aux- 
iliary devices on the same wing are shown in reference 1. 

The tests included a few made with half-span split or double slotted 
flaps deflected and were made over a range of Reynolds number from 
2.50 X lo6 to 8.10 X 10^ and a range of Mach number from 0.08 to 0.2b. 


SYMBOLS 


Forces and moments on the wing are referred to the wind axes with 
the origin at the quarter-chord point of the mean aerodynamic chord. 
All coefficients and dimension symbols refer to the model as a compl 

wing. 

lift coefficient, Lift/q^S 


*^4max 

*^D 

Cpp 

Om 


maximum lift coefficient 
drag coefficient, Drag/q^S 

equivalent p\mip-power drag coefficient, CpCq 

pitching-moment coefficient. Pitching moment about 0.25c 

q^Sc 
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P 

P 

^cr 

R 

M 

Ml 

a 

Hd 


suction-duct pressure coefficient, 
suction-flow coefficient, Q/VqS 

P - Pn 


Hd - Hq 


pressure coefficient. 




pressxare coefficient for local sonic velocity 
Reynolds number, PqVqc/h 
free-stream Mach mmiber, 


local Mach number, 


5 + M^cos^A 


,1/3.5 


- 5 


'(0.7FM2 + !)■ 

angle of attack of root chord, deg 

duct total pressure inside porous leading edge 


Q 

P 

S 

S’ 

b 

c 

c 

y 

A 


volume flow, at free-stream density, through porous surface 
local static pressure 
total wing area 

wing area affected by suction (See table I) 
wing span 


mean aerodynamic chord. 



C2dy 


local wing chord parallel to plane of symmetry 
lateral coordinate 
sweep of leading edge 

free-stream dynamic pressure, i ^o^o^ 


1 + 
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free-stream static pressiire 
Ho free-stream total pressure 

Vq free-stream velocity 

Pq free-stream air density 

^ coefficient of viscosity 

a speed of so\md 

MODEL AND APPARATUS 


The model used in this investigation was a semispan wing moiinted 
in the presence of a reflection plane as shown in figxire 1. A photo- 
graph of the model and reflection plane moimted in the tunnel is pre- 
sented as figure 2. Except for the modified leading edge, the wing was 
the same one described in reference 1. It had an aspect ratio of 6, a 
taper ratio of 0.5, and 37.25° sweephack of the leading edge. The air- 
foil sections were of NACA 64p-212 profile perpendicular to the 27 -percent- 

chord line. The general plan form and some of the principal dimensions 
of the model are given in figure 3. 

For several tests the model was fitted with 0.50b/2 split flaps, 
0.50b/2 double slotted flaps, and a fence at the 0.50b/2 station, details 
of which are presented in figure k. 

The leading edge of the upper surface was constructed from a lam- 
inated skin attached to solid ribs. Two skins were tested, both of which 
consisted of l/l6-inch perforated plate covered with a layer of l4 X I8 
mesh bronze screen and an outer surface of 30 X 250 mesh, Dutch weave. 
Monel filter cloth. The filter cloth was rolled from its original thick- 
ness of 0.026 inch to 0.018 inch for one of the skins and to O.OI6 inch 
for the other skin to obtain the desired values of porosities and a 
smooth surface of the skin. The porosity characteristics of the two skins 
as installed on the model are shown in figure 5. The porosity of the skin 
with 0.018-inch filter cloth is designated as porosity A and that for the 
skin with 0.0l6-inch filter cloth is designated as porosity B. A third 
porosity was inadvertently tested in the beginning of the test program 
when the porosity of the 0.0l6-inch filter cloth was reduced by the cor- 
rosive action of soldering flux which had been used only along the edge 
of the skin in the fabrication process but which apparently penetrated 
the entire area of the skin by capillary action. This porosity is des- 
ignated as porosity C and was used for only a few tests before the skin 
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was cleaned by means of hydrochloric acid, water, and steam to increase 
the porosity to that designated as porosity B. The 0.0l8-inch filter 
cloth was cemented in place; hence, no corrosion problem occurred. 

The solid ribs which supported the porous skin divided the leading 
edge into eight compartments the dimensions of which are shown in fig- 
vire 2 . Each compartment was connected to the main suction duct through 
an individual flow-measuring vent\rri and flow-control gate valve . 


Flow into the leading edge of the wing was obtained by connecting 
the suction duct to the outside of the tunnel when the air in the tunnel 

was compressed to about 2 ^ atmospheres or to high-capacity vacuum pumps 

when the air in the tunnel was at atmospheric pressure . 


The extent of the porous area was controlled by spraying the leading 
edge with a layer of nonporous strippable plastic and a layer of lacquer 
sanded smooth and then stripping off only the area which was to be porous. 
The porosity of the skin was maintained by passing a cleaning agent such 
as acetone or carbon tetrachloride through the porous area. 

The leading edge of the wing was equipped with surface orifices at 
0, 0.001c, 0 . 003 c, and 0.005c at the spanwise midpoint of each compart- 
ment to measure the peak leading-edge pressures at those spanwise 
locations . Each compartment was equipped with a tube for measiiring the 
total pressure inside the leading edge. 


Tests 


The tests were made in the Langley 19-foot pressure tunnel. The 
majority of the tests were made with the air in the tionnel compressed to 
about 2^ atmospheres. The Reynolds n\jmber range for those tests was 


A . 36 X 10^ to 8.10 X 10^ and the corresponding Mach number range was 0.08 
to 0.15. In order to investigate some of the effects of compressibility, 
a few tests were made with the air in the tunnel at atmospheric pressure. 
The Mach number range for those tests was 0.10 to 0.26 and the corre- 
sponding Reynolds number range was 2.50 X 10 ^ to 6 . 3 O X 10^. 


Lift, drag, and pitching-moment data were obtained thro\igh an angle- 
of -attack range extending beyond maximum lift. Airfoil peak pressures 
and suction-flow rates were also obtained throiigh this range. The extent 
of porous area was varied spanwise between the 0.15b/2 station and the 
0.95b/2 station and chordwise between 0 and 0.10c on the upper surface. 

Tests were made to investigate the effects of suction on the plain 
wing, the wing with 0.50b/2 split flaps, and the wing with 0.50b/2 double 
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slotted flaps. An upper-surface fence at the 0.50b/2 station was also 
tested on the preceding configurations. 

A few tests were made with the porous skin exposed hut with the 
suction valve closed to simulate suction-power failure. 

All the tests with suction were made with the pressure inside the 
leading edge constant along the span. The pressure was varied through 
the angle -of -attack range, however, in order to maintain a constant value 
of flow coefficient Cq. 


COREIECTIONS TO DATA 


The lift, drag, and pitching-moment data presented herein have been 
corrected for air-stream misalinement but have not been corrected for 
support tare and interference effects. Previous experience on complete 
models indicates that corrections for the effects of the tare and inter- 
ference caused by the model supports consist of (l) a constant shift in 
the pitching -moment curve (about -O.OO 8 ), (2) a slight increase in lift- 
curve slope (about O.OOO 8 ), and ( 3 ) a decrease in drag in the low lift 
range . 

Jet -boundary corrections obtained by combining the methods of refer- 
ences 7 and 8 were made to the angle of attack and to the drag coefficient 
and are as follows : 


Ax = 1.12 Cl 


ACj, = 0.0164c 

The correction to the pitching-mcment coefficient caused by the txinnel- 
induced distortion of the loading is 


ACjn = O.OIOIC^ 

An additional drag correction was req^uired in these tests because 
the air drawn into the wing was discharged at right angles to the air 
stream, thus creating a drag force equal to that caused by loss of momen- 
tum of the suction air in the drag direction. The assumption was made 
that the momentum of the suction air was that in the free stream and that 
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no losses occurred in the wing boundary layer prior to entering the wing. 
The drag correction determined from impulse momentum principles is 


RESULTS AND DISCUSSION 


The results of the investigation are stjmmarized in table II . Detailed 
results from some of the more interesting conf igviratlons are presented 
in figures 6 to 33- 


Wing Without Flaps 

Wing characteristics with leading edge sealed . - A comparison of the 
lift and pitching-moment characteristics as shown in figure 6 with those 
of reference 1 indicates that at Reynolds numbers above 4.36 x 10^ the 
installation of the sealed porous skin caused the initial separation and 
final stall to occur at lower lift coefficients and lower angles of attack 
than those for the wing with the solid leading edge. At the lower Reynolds 
n\mibers ^2.50 x 10^ to 3.50 X lO^J the installation of the sealed porous 
skin had practically no effect. The maximum lift coefficient for the 
wing at a Reynolds number of 6.80 x I06 was 1.15 with the leading edge 
sealed and sanded smooth, as compared with 1.27 with the solid steel 
leading edge . A similar reduction in maximum lift was noted in refer- 
erence 1 when the wing was tested with a slat in the retracted position 
= 1-17J* These differences in maximimi lift indicate the effects 

of s ma l 1 changes in the leading-edge contoiir on the wing stall and demon- 
strate the difficiilty of accurately fabricating a smooth leading edge as 
compared with accirrately machining one from solid material. 

Figure 6 also shows the effects of varying the Reynolds numbers 
through a range from 2.50 x 10^ to 8.10 x 10^ at Mach numbers below 0.15. 
The value of varied from 1.0k at 2.50 x 10^ to 1.15 at 6.8O x 10^ 

and 1.13 at 8.10 x 10^. The lift coefficient at which the unstable 
pitching-moment break occurred changed from about 0.9 at R = 2.50 x I06 
to about 1.1 at the higher Reynolds numbers, thus indicating that the 
initial trailing-edge separation was delayed to a higher angle of attack. 
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The plots of peak measured pressiore coefficient across the span of 
the wing (fig. 7) show the progression of the leading-edge ^tal as e 
angle of attack is increased in the range near At the lowesp 

Reynolds number of the tests (2 .50 X 10$ the stall originated In tte 
tliarea and spread Inboard as^ the angle of attack uas Increased. As 
the Reynolds number was Increased to 4.36 X 106 the initial stall was 
dSayTto a higher angle of attack, but It covered a 
area than at the lower Reynolds numbers. Further Increases In Reyno 
nmber «used a reduction In area of the Initial stall and a more gradual 
spread of the stall with increasing angle of attack. 

The effects of varying the Reynolds number combined with those due 
to compressibility are shown in figure 8 where the Reynolds number was 

varied from 2.50 x 106 to 6.37 X I06 as the Mach number 

from 0.10 to 0.26. The value of increased from I.03 to 1.13 as 

the Mach number was increased from 0.10 to 0 20 but decreased to I.09 as 
the Mach number was further increased to 0.26. The increase in 

as the Mach number was increased from 0.10 to 0.20 was, of cou^e, due 
to the corresponding increase in Reynolds number from 2.50 X 1 o 
4.95 X 106. The decrease in that occurred as the Mach number 

was increased above 0.20 was due to compressibility 

shows that the peak measured leading-edge pressure coefficient for the 
plain wing reacLd a value of -11.2 at a Mach number of 0.20 and decreased 
as the MaL number was increased. At a Mach number of 0.26 the peak meas- 
ured leading-edge pressure indicated that sonic velocity to been re ac e 
ScJlly A? ttot Lch number the local attainment of sonic velocity 
apparently precipitated the stall. At Mach numbers between 0.20 and 0.26 
the data do not indicate ttot sonic velocity was attained, but 
pfssmy tova been attained at aome location and angle of attack between 

those at which measurements were taken. 

The plote of peak measured pressure coefficient af the sp^ of 
the wiS ?flg. 10) show that the angle of attack at which the oatboard 
JSil ^c^rfd dli not Change through the Mach n^ber ra^e fr^ ^lk to 
0.24. Apparently increasing the Mach number above 0.l4 offsets the 

effects of the corresponding Increase in Reynolds number above 3-46 X 10 . 
C^Ja^Lon of figures 7 and 10 shows that at a Reynolds number ot 

about 4 40 X 106 the outboard stall occurs at an angle of attack 17-3 
at a Ma;rnmber of 0.08 and 15.20 at 0.l8. A correspon^ng reduction 
in the angle of attack for the outboard stall was brought about at 
Reynolds number of about 5.40 x 106 when the Mach number was increased 
from 0.10 to 0.22 and at about 6.50 X 106 when the Mach number was increased 
from 0 . 12 lo 0.26. 
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Effects of varying spanvise extent of porous skin .- The data of 
figures 11 and 12 reveal that suction through the outboard 50 percent 
(0.45b/2 to 0.955/2) of the leading edge of the wing at a Reynolds number 

of 6.80 X 106 increased the meuximum lift coefficient ^Lmax 1.15 

to as much as 1.35 depending on the chordwise extent of porous area, 

the porosity, and the flow coefficient. Extending the porovis area inboard 

as far as the 0.15b/2 station resulted in a slight decrease in 

for the flow rates obtained. If it had been possible to obtain higher 
flow rates, higher values of might have been obtained. Suction 

over less than the outer 50 percent of the semispan resulted in no Increase 

in Ct over the values for the sealed-leading-edge configuration. 

•4nax 

The data of figiires 11 and 12 show that leading-edge suction was 
required only on the outer 37 percent to 50 percent of the semispan to 
alleviate the sharp unstable pitching moments in the high lift range. 
Suction at the maximum flow rates available over less than the outer 
37 percent or over more than the outer 50 percent of the semispan caused 
the pitching moments to be stable at but did not prevent a serious 

unstable trend from occurring just below ^ • 

The plots of leading-edge peak pressures across the span (fig. 13) 
show that suction over the outer 25 percent of the semispan at the rates 
obtained did not delay the stadl in that area but did maintain some lift 
over that portion of the wing as the stall progressed inboard. Thus the 
initial outboard stall caused nose -up moments but enoiigh lift was main- 
tained over that portion of the wing so that as the stall progressed 
inboard the moments changed to a nose-down direction. Extending the 
porous area inboard until it included the outer 50 percent of the semispan 
caused the stall to be delayed to a higher angle of attack but the suction 
was not sufficient to prevent a stall from occurring near the tip at the 
same time that a stall occurred just inboard of the porous area. The 
lift that was maintained on the outer portion of the wing, however, was 
sufficient to ca\ise the pitching moment at the stall to be in a nose- 
down direction. The area between the two stalled areas maintained a 
fairly large peak pressure and consequently a fairly large lift to the 
highest angle of attack tested. When the porous area was extended well 
inboard, a fairly large part of the outer semispan stalled when the 
Inboard sections stalled and the portion which maintained lift was too 
far inboard to contribute much to the pitching moments. Thus the data 
indicate that, if nose -down moments are to be obtained at the stall, 
the spanwise extent of porosity shoiild be limited to about the outer 
50 percent of the semispan. It is possible that nose-down moments could 
be obtained at the stall with a longer spanwise extent of porosity if the 
flow coefficient could be increased over the outboard sections . 
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Effects of varying chordvlse extent of porous skin .- Figure Ik shows 
the effects of varying the chordwise extent of the porous area while 
holding the spanwise extent constant (outboard 50 percent of the semispan) . 
The flow rates used were those obtained with the maximm press\are drop 
available so that the duct pressure coefficient was mchanged regardless 
of extent of porous area. Th\is the pressure drop across the skin and 
the local flow rates through the porous skin at any parti c\ilar angle 
of attack remained unchanged as the chordwise extent of porosity was 
varied. The total flow rate, however, increased as the extent of porous 
area was Increased. The data (fig. l4) show that suction over only the 
leading 0.0055c of the upper surface of the outer 50 percent of the semi- 
span was sufficient to delay the leading-edge stall so that nose -down 
pitching moments were obtained at The outboard tralling-edge 

separation, however, still occiirred just below as evidenced by 

the unstable pitching-moment trend in that lift range. Increasing the 
chordwise extent of porous area caused a slight increase in 

also reduced the range of instability prior to • 


The plots of leading-edge pressure (fig. 15) show that suction through 
the leading 0.0055c of the outer 50 percent of the semispan delayed the 
outboard stall from a = l6.1<-° to a = l8.4°, but the Inboard stall did 
not occur \mtil 19.4-°, with the result that nose -up moments were obtained 
when the outboard stall occurred. Suction from 0.001c to 0.010c on the 
same portion of the span delayed the outboard stall until an Inboard 
stall had developed and maintained the high leading-edge peak pressures 
almost at the maximum obtained as the inboard stall developed. Increasing 
the chordwise extent delayed the tip stall to higher angles of attack 
and allowed higher pressvire coefficients to be reached over the suction 
portion of the wing after the inboard portion was stalled. 


Effects of varying suction flow rate . - The data of figure l6 show 

that, at a Reynolds number of 6.80 x 10^, reducing the flow rate from 
the maximum obtained with 0.015c chordwise extent and 50-percent span- 
wise extent of suction reduced the maximum lift coefficient from 1.33 
for a Cq of 0.00052 to 1.19 for a of 0.00018. The pitching moments 

were stable at the stall for values of Cq of 0.00026 or greater but 
the unstable trend below was more severe at the lower flow rates. 


Tests at higher flow rates and reduced Reynolds nimibers indicate that 
increasing the flow coefficient did not completely eliminate the unstable 
trend prior to Thus the tests indicate that leading-edge suction 


delayed leading-edge separation, with the result that considerable improve- 
ment in stability was obtained at * They also indicate that leading- 

edge suction did not eliminate trailing-edge separation but did delay its 
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spread toward the leading edge, with the result that the unstable trend 
below less severe with suction. It is possible that a mid- 

chord suction slot or suction area operating in conjunction with leading- 

edge suction (similar to the two-dimensional arrangement in ref. 9) might 

delay the trailing-edge separation so that the pitching-moment curve would 

be linear up to Ct 

■Lmax 


The effects of varying suction rates on the leading-edge pressures 
are shown in figure 17. The minimum flow coefficient tested (Cq = O.OOO 18) 

delayed the outboard leading-edge stall slightly, as shown by a compar- 
ison of the data of figure 17 with the data of figure 7 obtained at the 
same Reynolds mmiber with leading edge sealed. An increase in 

was obtained with the minimum flow coefficient (see fig. I6), but that 
amount of suction did not maintain enough lift over the outboard portion 
of the wing to cause any improvement in the pitching -moment characteristics. 
Increasing the suction rate to a Cq of 0.00040 delayed the stall to a 

higher angle of attack (a = 19.5°) and caused an increase in the outboard 

lift beyond the stall which considerably improved the pitching-moment 

characteristics at Cx . The lift that was maintained over the outboard 

•Lmax 


sections after the stall occurred was sufficient to cause the pitching 
moments to be in a nose-down direction. A further increase in Cq to 

the maximum that co\ild be obtained at that Reynolds number (Cq = 0.0005^ 


did not cause any appreciable change in the spanwise distribution of the 
peak pressxire coefficients or in the pitching-moment characteristics. 
Some data were obtained with a Cq of O.OOO9O but the Reynolds number 


was reduced to 4.36 X 10^ and the effects of the Reynolds number reduction 
on the inboard stall tend to cloud any effects of the Increased flow 
rate . 


Scale effects with suction .- The effects of varying the Reynolds 

number of tests of the wing with suction from 0 to 0.015c and 0.45b/2 to 
0.95b/2 are shown in figur^ 18 and 19. Figure 18 shows that with a 
constant flow coefficient (Cq = 0.0004^ the lift coefficient at which 

a severe nose -down change occurred in the pitching -moment curve was about 
constant at 1.26 through the Reynolds number range from 4.36 x 10^ to 
8.10 X 10^. Below a C-^ of 1.26 the pitching -moment characteristics 
were similar throughout that Reynolds number range. One test was made 
at a Reynolds mmiber of 3*46 x 10^ and a Cq of O.OOO36. Under these 

conditions the pitching-moment characteristics were similar to those 
obtained at higher Reynolds numbers with Cq = 0.00040 except that the 

severe change in the pitching-moment curve occurred at a lower lift 
coefficient (l.2l). 
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Reference 6 indicates that with varying Reynolds number, dynamic 
similarity in the boundary layer will not be obtained with suction unless 

the product CqR'^/^ is held constant . Figure 19 shows that the pitching- 
moment characteristics and the values of were essentially the 

same throiagh the Reynolds number range from i^.36 X 10^ to 8.10 X I06 
when C„r 1/2 was held constant or when alone was held constant 

(see fig. 18). Small differences in the pitching-moment characteristics 
axe probably due to scale effects on the stalling characteristics of the 
sections inboard of the porous part of the leading edge. 

The spanwise plots of leading-edge pressure coefficients (figs. 20 
and 21) show only slight variations in distribution over the outboard 
portion of the wing with suction as the Reynolds number was varie d whether 

the product CqRI/^ constant at approximately O.OOOl+O V8.10 x 106 

or Cq was held constant at approximately O.OOOl+O. In either case, how- 
ever, when the stall occurred it covered a larger inboard (no suction) 
portion of the wing at the low Reynolds number than at the high Reynolds 
numbers . 

Effects of leading-edge suction on wing characteristics at critical 
speeds.- Some of the effects of suction on the wing were determined at 
speeds at which critical or supercritical pressure coefficients were 
measured at the leading edge of the model . The results are not conclusive 
because only small flow coefficients were obtainable at those velocities . 
The resvilts (figs. 8 and 22) Indicate, however, that the small flow rate 
used at M = 0.26 (cq rs 0.0001^ was sufficient to delay the tip stall 
somewhat althoxxgh not enough to cause nose-down pitching moments at 

The nose -up moment due to tip stall occurred at a lift coefficient about 
0.0i<- greater than the corresponding lift coefficient with leading edge 
sealed. In order to accomplish this delay in the tip stall, the suction 
was reqirired to maintain the flow arovind the leading edge even tho\igh that 
flow reached sli^tly supersonic local velocities (M^ = 1.20). Fig^ire 9 

shows the increase in the outboard leading -edge pressure coefficient (- 9-3 
to -12.2) brought about by suction through the porous skin (Cq 0.00015). 

The spanwise plots of leading-edge press\rre coefficient (figs. 10 
and 23) show that at a Mach number of 0.26 a flow coefficient of about^ 
0.00015 increases the angle of attack for the outboard stall from 14.2 
to 15 3° and maintains some lift over that portion of the wing after the 
stall. The flow coefficient was not sufficient, however, to delay the 
outboard stall until an inboard stall had developed. The resxalts show 
similar changes at lower Mach numbers except that a much larger increase 
in angle of attack for stall was brought about by Cq ~ 0.00015 at the 
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lowest. Mach number and Reynolds number than at the higher Mach numbers . 

At a Reynolds number of 2.50 x 10^ and a Mach number of 0.10, the stall 
originated on the inboard portion of the wing and lift was maintained on 
the outer portion well beyond the stall so that the pitching moments were 
in a nose-down direction. When the flow was increased to the maxim um 
obtainable at the lower Mach numbers, the pitching -moment characteristics 
were improved (table II) and the leading-edge pressure coefficients 
(fig. 24) indicated a larger lift maintained over the outer portion after 
the inboard stall had occiirred. 

Effects of leading-edge suction on the wing drag .- The effects of 
variouis rates of suction on the drag of the wing are shown in figure 25. 

It can be seen that suction has no effect on the drag except in the range 
of lift coefficient where the suction has delayed separation. The drag 
data indicate that, in the case of power failure, separation occxxrs at 
a much lower lift coefficient than with the leading edge sealed and the 
drag coefficient increases rapidly at lift coefficients above 0.8. Com- 
parison of the drag data with those from reference 1 with a leading-edge 
flap on the same portion of the model as was occupied by the porous area 
(0.45b/2 to 0.95b/2) shows that, as would be expected, the wing drag was 
less with suction than with the leading-edge flap. When the eq\ai valent 
pump-power drag coefficient Cpp for greater than O.OOO3O is added 

to the wing drag, however, the total drag is greater than the drag of the 
wing with leading-edge flap. 

Effects of upper-surface fences . - Figure 26 shows that a fence on 
the upper s\arface of the wing at 0.50b/2 delayed the trailing-edge sep- 
aration so that the unstable pitching-moment trend below was 

considerably improved and in some cases was almost eliminated. The fence, 
however, had no effect on the leading-edge separation so that about the 
same suction flow was required to produce nose -down moments at the stall 
with or without the fence. (See table II.) 

No attempt was made to determine the optimum fence arrangement but 
the trends indicated by the tests with one fence are similar to the 
trends shown in reference 10, which reports a more complete fence 
investigation . 

The spanwise plots of peaik pressure coefficient (figs. 17 and 27) 
show that, with suction, the angle of attack at which the initial stall 
occvirred was about 1° lower for the conflgiiration with fence than for 
the plain -wing configuration. When the leading edge was porous but no 
suction vms applied, the fence had no noticeable effect on the stall as 
analyzed from the leading-edge pressures. 
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Wing With Trailing-Edge Flaps 

The effects of leading-edge suction on the wing with trailing-edge 
flaps are shown in figures 28 to 30. Comparison of the data of figure 28 
with corresponding data from reference 1 shows that, with half-span split 
flaps , the installation of the sealed porous skin on the model caused a 
reduction of to I.36 from 1.55 for the solid leading edge. Applying 

suction to the leading 0.015c of the upper surface on the outer 50 percent 

of the semispan at a flow coefficient of O.OOOA8 increased Ct to 1.4 q. 

imax 

The wing exhibited nose -up pitching moments at the stall with the leading 
edge sealed, just as it did with the solid leading edge. With suction 
the pitching moments were in a nose -down direction at the stail, but just 
below they showed a nose -up trend similar to that noted when the 

flaps were neutral. 


A comparison of the data for the wing with suction (fig. 28) with 
that for the wing with a leading-edge flap on the same portion of the wing 
(ref. 1) shows that the maximum lift coefficient was about the same for 
both configurations (1.49 and 1.46). The wing with leading-edge flap, 
however, exhibited practically linear pitching -moment characteristics 
below the stall as well as nose -down moments at the stall. One test was 
made with a fence at 0.50b/2 but the results (fig. 28) showed no effect 

on the pitching-moment characteristics and a slight reduction in Cr 

•‘-max 

(1.49 to 1.45). 


The results of tests with the half -span double slotted flap (fig. 29) 
show that suction throiigh the leading 0.015c of the upper siirface on the 
outer 50 percent of the semispan at a Cq of 0.00048 was slightly better 

than the leading-edge flap (ref. l) on the same portion of the wing in 
terms of (I.90 compared with I.87) and stability at the stall. 

Both configurations, however, produced a loop in the pitching -moment ciorve 

at the stall such that nose-up moments were obtained at C-. but nose- 

•‘-max 

down moments as the lift dropped off in the stall. The fence at 0.50b/2 
on the wing with suction failed to change the loop in the pitching-moment 
curve appreciably and caused a slight reduction in (I.90 to 1.85). 

The effects of suction on the characteristics of the wing with double 
slotted flaps were also investigated at a Mach number where the stall was 
precipitated by compressibility effects (M = 0.24). The restilts (fig. 30) 
are inconclusive, however, because the maximvmi Cq obtainable was only 

0.00016. The value of was increased from 1.68 to I.72 by that 

flow but the pitching -moment characteristics were unaffected (nose-up at 
the stall) . 
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The effects of suction on the leading-edge pressures of the wing 
with flaps are shown in figure 31* The leading-edge pressures indicate 
that the initial stall and stall progression with flaps are similar to 
those without flaps. The stall with double slotted flaps is so much like 
that without flaps that no Indication is given of the reason for the loop 
in the pitching -moment curve . Figure 31 also shows that the effects of 
the fence on the wing with flaps were similar to the effects observed on 
the wing without flaps. 

The wing drag characteristics with flaps deflected (fig. 32) showed 
the same trends as with flaps neutral; that is, some drag reductions were 
effected in the high lift range by delaying separation and the wing drag 
with suction was less than the drag with leading-edge flap (ref. l). When 
the equivalent pump-power drag coefficient ^pp added to that of the 

wing, however, the total drag was greater than that for the wing with 
leading-edge flaps. At a lift coefficient of l.AO with split flaps 
deflected, the total drag with Cq = O.OOCA -8 was 12 percent higher than 

the drag of the same conflgviration with leading-edge flap. At a lift 
coefficient of 1.80 with double slotted flaps deflected the total drag 
with Cq = 0.00014-8 was 7 percent higher than that for the same config- 
uration with leading -edge flap . 


Power Requirements for Porous -Leading -Edge Suction 

The power requirements (excluding duct, pump, and exit losses) for 
porous -leading -edge suction were calculated as follows: 


Horsepower = 


Q(Ap) 

550 


CQSVoqoCp 

550 


A wing loading of 50 pounds per square foot and standard sea-level air 
density of O.OO2378 slug per cubic foot were assumed in calculating q^ 
and Vq. The wing area used was 306.I square feet, which corresponds 
to that of a present-day fighter aircraft of similar sweepback angle. 

The power requirements were calculated for the flow coefficients 
obtained in the tests and the duct pressirre coefficients required to 
maintain those flow coefficients through the angle -of -attack range. The 
calcxjlatlons were made for several trailing-edge-flap config^lrations with 
a porous leading edge from 0 to 0.015c and 0.^5b/2 to 0.98b/2 and are 
presented in figure 33 • 

The calculations show that the plain wing would require 109 horse- 
power to maintain a Cq of 0.00052 (the maximum obtained) through the 
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stall (Cp = 49 . 6 ^. It would require 24 horsepower to draw a Cq of 
0.00026 (the minimum that produced nose -down moments in the stall) through 
the stall = 20 . 6 ^. 

With half-span split flaps the wing wo\ild require 98 horsepower 
(Cp = 59 . 8 ) and with half -span double slotted flaps it would require 
78 horsepower (Jp = 58.l) to maintain Cq at 0.00048 beyond ^ . This 

flow rate was sufficient to produce nose-down moments at when the 

split flaps were deflected but not when the double slotted flaps were 
deflected. The suction, however, was as effective as a leading-edge flap 
or slat (ref. l) in improving the pitching -moment characteristics of the 
wing with double slotted flaps. These improvements might have been obtained 
with a lower value of Cq and consequently lower power but no data were 

obtained to detennlne the minimm requirements . 


SUMMARY OF RESULTS 


The results of an investigation of the effects of drawing air through 
a porous skin on the leading edge of a 37 ° sweptback wing of aspect ratio 6 
indicate that at low Mach numbers the outboard stall of the wing can be 
delayed and nose-down moments can be produced at maximum lift about as 
effectively by that means as was done with a leading-edge flap or slat in 
a previous investigation on the same wing. The pitching -moment data for 
the wing with suction, however, indicated a nose -up tendency just prior 
to the maximum lift coefficient Cl ^^^ that was not noted in the data 

for the wing with leading-edge flap or slat. 


Suction on either the forward 1 percent of the outer 37 percent of 
the semispan or the forward l/2 percent of the outer 50 percent of the 
semispan was sufficient to produce stability at the stall. Inboard exten- 
sion of the 1 -percent chordwise extent of porous area increased 

but extension to include more than the outer 50 percent of the sem span 
allowed nose -up moments at the stall and did not provide any additional 
increase in Ct • Chordwise extension of the 50-percent semispan exten 
%ax 

of porous area from the forward 1/2 percent to the forward 2 percent of 
^ - • - n further improved the stability 


the upper surface increased 
at the stall 


^Lmax 


The maximum lift coefficient with suction over the outer 50 percent 
of the semispan (0.45b/2 to 0.95b/2) and the leading l| percent of the 
chord ^as about 1.33 with flaps neutral, 1.49 with half -span split flap. 
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and 1.90 with half -span double slotted flap. The pitching -moinent data 
for the configurations with flap neutral and with half-spaji split flap 
indicated nose -down moments at although a nose -up tendency was 

noted just prior to pitching -moment data for the double slotted 

flap configuration indicated nose -up moments at nose -down 

moments as the lift decreased in the stall. 

; 

At Mach numbers above 0.2, stalling occurred over the tip sections 
of the sealed-leading-edge wing as local sonic velocities were approached. 
Application of the highest suction-flow rates available = 0.00015^ 

delayed the tip stall until local velocities of the order of = 1.20 

were attained but this delay in tip stalling was not sufficient to provide 

nose -down moments at C.. 

imax 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. 
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TABLE I.- RATIO OF TOTAL WING AREA TO WING AREA AFFECTED 
BY SUCTION FOR THE VARIOUS SPANWISE EXTENTS 
OF POROSITY 


Spanwise extent 
of porosity 

s/s' 

0.15b/2 to 0.95b/2 

1.290 

0.20b/2 to 0.95b/2 

1.400 

0.25b/2 to 0.95b/2 

1.526 

0.30b/2 to 0.95b/2 

1.674 

0.35b/2 to 0.95b/2 

1.847 

0.l4-5b/2 to 0.95b/2 

2.301 

0.58b/2 to 0.95b/2 

3.223 

0.70b/2 to 0.95b/2 

5.092 
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TABI£ II.- SUroiARY OF RESUIOB OF INVESTIGATIOM OF STALL COmBOL BY LEADING-EDGE 
SUCTION ON A 37® SWEFTEACK WING 
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TABLE II.- SUMMARY OP RESUIITS OF INVESTIGATION OF STALL CONTROL BY lEADING-EDGE 
SUCTION ON A 37° SWEFTBACK WING - Continued 
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TABLE II.- SUMMARY OF RESUITS OF INVESTIGATION OF STALL CONTROL BY LEADING-EDGE 
SUCTION ON A 37° SWEPTBACK VQNG - Continued 
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TABI£ II.- SUMMARY OF RESUIiTS OF INVESTIGATION OF STALL CONTROL BY I£ADING-EDGE 
SUCTION ON A 37° SWEPTBACK WING - Concluded 
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Figure 1.- Details of setup 
plane in Langley 19-foot 


of 37^ sweptback semispan vlng and reflection 
pressure tunnel. All dimensions are in inches. 
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Figirre 2.- Model and reflection plane in the Langley 19-foot pressure 

t\mnel. 




» 



Figure 3 .- General layout and internal ducting of model with porous 
leading-edge surface. Area (complete wing), 73*296 square feet; 
aspect ratio, 6 ; taper ratio, 0.5; c = 3*6292 feet. All dimensions 
are in inches. 
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(a) Inboard 0.50b/2 split flap. Section normal to 0.27c line. 



(b) Inboard 0.50b/2 double slotted flap. Section normal to 0.27c line. 



(c) Fence at 0.50b/2 spanwise location. Section parallel to plane of 

synunetry . 

Figure 4.- Details of trailing-edge flaps and fence. 
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Figure 5.- Porosity characteristics of leading- edge surfaces. 
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(a) Cl against a. 

Figure 6.- Effects of Reynolds number variation on the aerodynamic 
characteristics of the 37° swepthack wing with porous leading edge 
sealed. 
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Figure 6.- Concluded. 
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(f) R = 8.10 X lo6; M = 0.15. 


Figure 7.- Effects of Reynolds number variation on the leading-edge 
pressure coefficients of the 37° sweptback wing with porous leading 
edge sealed. 
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(a) Cl against a. 

Figure 8.- Effects of Mach number and Reynolds number variation on the 
aerodynamic characteristics of the 37° sweptback wing with porous 
leading edge sealed. 
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Figure 8.- Concluded. 
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Figure 9-- Variation of peak measured leading-edge pressure coefficients 
with Mach number. Porosity A; spanwise extent, 0.45b/2 to 0.95b/2; 
chordwise extent, 0 to 0.015c. 
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( g ) M = 0 . 26 ; R = 6.57 X 10 ^. 



Figtire 10.- Effects of Mach number and Reynolds niimber variation on the 
leading-edge pressure coefficients of 37° sweptback wing with porous 
leading edge sealed. 
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(a) Cl against a. 

Figiire 11.- Effects of spanwise variation of extent of porous area on 

the aerodynamic characteristics of the 37° swepthack wing. Porosity B; 
chordwise extent, 0 to 0.01c; R = 6.80 x 10^; M = 0.12. 
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Figure 11.- Concluded. 
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(a) Cl against a. 

Fisure 12.— Effects of spanvise variation of extent of porous area on 

the aerodynamic characteristics of the 37° sweptback wing. Porosity C 
(flagged symbols denote porosity B); chordwlse extent, 0 to 0.10c; 

R = 6.80 X 10^; M = 0.12. 
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Figiire 12.- Concluded. 
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(a) Leading-edge sealed. 
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Figure 13.- Effects of spanwise variation of extent of porous area on 
the leading-edge pressure coefficients of the 37^ sweptback wing. 
Porosity B; chordwise extent, 0 to 0.01c; R = 6.8o X 10 ; M = 0.12. 
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(a) Cl against a. 

Figure lit-.- Effects of chordwise variation of extent of porous area on 
the aerodynamic characteristics of the 37° swepfback wing. Porosity A 
except where noted; spanwise extent, 0.45h/2 to 0.9513/2; R = 6.8o X 10^; 
M = 0.12. 
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Figure l4.- Concluded. 
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(a) Leading-edge sealed. 
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(c ) Chordwlse extent = 0.001c to 0.010c; 
Cq = 0.00030. 
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(g) Chordwlse extent = 0 to 0.020c; 
Cq = 0.00068- 
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(b) Chordwlse extent = 0 to 0.0055c; 
Cq = 0.00030, 



(d) Chordwlse extent = 0 to O.OlOc-; 
Cq = 0.0003];. 
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(f) Chordwlse extent = 0 to 0.015c; 
Cq = 0.00050. 
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(h) Chordwlse extent = 0 to 0.100c; 

Cq = 0.00060. 


Figure 15.- Effects of chordwlse variation of extent of porous area on 
the leading-edge pressure coefficients of the 37° sweptback wing. 

Porosity A; spanwise extent, 0.45b/2 to 0.95b/2; R = 6.80 X 10^; 

M = 0.12. 



oc, deg 

(a) Cl against a. 

Figure l6.- Effects of Cq variation on the aerodynamic characteristics 

of the 37° sweptback wing. Porosity A; spanwise extent^ 0.45b/2 to ^ 

0.95b/2; chordwise extent, 0 to 0.015c; R = 6.8o X 10^; M = 0.12. 
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Figure l6.- Concluded. 
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(a) Power failure (Cq = 0). 
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(g) Cq = 0.00070 (R = 5.50 X 10^). 
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(d) -Cq = 0.0001*0. 


■^Spanwlse extent"^ 



















, '1 










/ 



3 




. — > 


/ 

/ 








1 

1 . 

71 










/ 

✓ 





1 





(f) Cq = 0 . 00052 . 
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(h) Cg = 0.00090 (R = 1*.36 X 106). 


Figure 1?.- Effects of Cq variation on the leading-edge pressure 

coefficients of the 37° swepthack wing. Porosity k-, spanwise extent, 
0.k5h/2 to 0.95h/2; chordwise extent, 0 to 0.015c; R = 6.80 X 10^; 

M = 0.12. 



(a) Cl against a. 

Figure l8.- Effects of Reynolds number variation on the aerodynamic 
characteristics of the 37° sweptback wing. Porosity A; spanwise 
extent, 0.45b/2 to 0.95b/2; chordwise extent, 0 to 0.015c; 

Cq 0.00040. 
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Figure l8.- Concluded. 
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Figure 19 .- Effects of Reynolds number variation on the aerodynamic 
characteristics of the 37^ sweptback ving. Porosity A; spanvise 
extent, 0.1*5b/2 to 0.95b/2; c hordvlse extent, 0 to 0.015c; 

~ 0.00040 )/8.10 X 10^. 
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(b) Cl against Cm- 
Figure 19 •- Concluded. 
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Figure 20.- Effects of Reynolds nuniber variation on the leading-edge 
pressure coefficients of the 37 ° swepthack wing. Porosity A; span- 
wise extent, 0.45b/2 to 0.95h/2; chordwise extent, 0 to 0.015c; 

Cq = 0.00040. ■ 
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(d) R = 8.10 X 10^; Cq = O.OOOI4O. 


Figure 21.- Effects of Reynolds number variation on the leading>-edge 
pressure coefficients of the 37° sweptback wing. Porosity A; span- 

wise extent, 0.45b/2 to 0.95b/2; chordwise extent, 0 to 0.015c; ^ 

CqR^/ 2 0.00040 v/8.10 X 10^. 
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(a) Cl against a. 

Figure 22.- Effects of Mach number and Reynolds number variation on the 
aerodynamic characteristics of the 37° sweptback wing. Porosity A; 
spanwise extent, 0.i4-5b/2 to 0.95b/2; chordwise extent, 0 to 0.015c; 
Cq ~ 0.00015. 
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(b) Cl against Cm. 
Figure 22.- Concluded. 
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Figure 23-- Effects of Mach number and Reynolds number variation on the 
leading-edge pressure coefficients of the 37° sweptback wing. 
Porosity Aj spanwise extent, 0.45b/2 to 0.96b/2; chordwise extent, 

0 to 0.015c; Cq 0.00015. 
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Figure 24-.- Effects of Mach number ajid Reynolds number variation on the 
leading-edge pressure coefficients of the 37° sweptback wing. 
Porosity A; spanwise extent, 0.k5b/2 to 0.95b/2; chordwise extent, 

0 to 0.015c; Cq = maximum available. 
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Figure 25.- Effects of leading-edge suction on the drag characteristics 
of the 37° sweptback wing. Porosity A; spanwise extent, 0.45b/2 to 
0.95b/2; chordwise extent, 0 to O.OlSc^ R = 6.80 X 10° j M = 0.12; 
flagged symbol drag includes Cpp* 
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(a) Cl against a. 

Figure 26.- Effects of an upper-surf ace, fence on the aerodynamic 
characteristics of the 37° sweptback wing. Porosity A; spanwise 
extent, 0.i<-5b/2 to 0.95b/2; chordwise extent, 0 to 0.015c; 

R = 6.80 X 10°; M = 0.12. 
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(b) Cl against Cm. 
Figure 26.- Concluded. 
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(a) Power failure (C^ - 0). 
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(c) Cq = 0.00050. 
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Figure 27.- Effects of an upper-surface fence on the leading-edge 
pressure coefficients of the 37° sweptback wing. Porosity A; 
spanwise extent, 0.45h/2 to 0.95h/2; chordwlse extent, 0 to 0.015c; 

R = 6.80 X 10^; M = 0.12. crs 
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Figure 28.- Effects of leading-edge suction and an upper-surface fence 
on the aerodynajnic characteristics of the 37° swepthack wing with 
half-span split flap- Porosity A; spanwise extent, 0.45h/2 to 0.95h/2; 
chordwise extent, 0 to 0.015c; R = 6.80 X 10°; M = 0.12. 
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Figure 29-- Effects of an upper-surface fence on the aerodynamic 
characteristics of the 37° sveptback wing with half-span double 
slotted flap. Porosity A; spanwise extent, 0.45b/2 to 0.95b/2; 
chordwise extent, 0 to 0.015c; Cq = 0.00048; R = 6.80 X 10^; 

M = 0.12. 
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Figure 30.- Effects of leading-edge suction on the aerodynamic 

characteristics of the 37° sweptback wing with half-span double 
slotted flap. Porosity A; spanwise extent^ 0.1+5b/2 to 0.95b/2; 
chordwise extent, 0 to 0.015c; R = 5.84- x 10°; M = 0.24. 
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(c) Split flap; fence off; 
L.E. sealed. 
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(d) Split flap; fence off; 

Cq = O.OOOI18. 



Figure 31.- Effects of leading-edge suction and an upper-surface fence 
on the leading-edge pressure coefficients of the 37^ svepthack ving 
with half -span flap. Porosity A; spanvise extent, 0.45h/2 to 0.95h/2; 
chordwise extent, 0 to 0.015c; R = 6 . 8 O X 10 ; M = 0.12. 
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Figure 32.- Effects of leading-edge suction on the drag characteristics 
of the 37° swepthack wing with half-span flaps. Porosity A; span- 
wise extent, 0.45b/2 to 0.95b/2; chordwise extent, 0 to 0.015c; 

R = 6.80 X 10^; M = 0.12; flagged- symbol drag includes Cpp. 
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Figure 33 •" Variation of calculated suction horsepower with angle of 
attack of a t^othetical airplane with 37° sweptback wing. Assumed 
wing loading, 50 pounds per square foot; assumed wing area, 

306.1 square feet; porosity A; spanwise extent, 0.U5b/2 to 
0.95b/2; chordwise extent, 0 to 0.015c. 
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